1. Introduction {#sec1}
===============

Xenotransplantation using pig cells, tissues and organs has to overcome three hurdles before being applied in the clinic for the treatment of organ failure: immunological rejection, physiological incompatibility and transfer of infectious agents. The microbiological safety of xenotransplantation is an important issue, however it can be managed easily. The risk of infection is also known in allotransplantation. Numerous infectious agents have been transmitted together with human donor transplants, including human cytomegalovirus (HCMV), human immunodeficiency virus-1 (HIV-1) and rabies virus [@bib1]. Since xenotransplantation allows screening the donor animals beforehand, most risks can be excluded by careful testing and xenotransplantation finally will be a microbiologically safer technology compared with allotransplantation.

Like all animals, pigs carry numerous microorganisms in their digestive tract and on their skin, and therefore cells, tissues and organs to be used for transplantation should be removed under aseptic conditions. The number of microorganisms present in the tissues and organs of interest should be zero [@bib2]. In some reviews concerning the microbiological safety of xenotransplantation numerous microorganisms are listed which were thought to induce zoonoses when transmitted to the human recipient [@bib2]. Zoonosis means that the microorganisms not only infect the new host, but cause a disease. In general, bacteria, fungi, parasites and viruses may be transmitted. However, at present it is rather difficult to classify most of the porcine microorganisms into pathogenic and non-pathogenic for human recipients. In addition, when a microorganism is pathogenic in the pig it does not mean that it is also pathogenic in humans and vice versa. The risk of transmission is certainly higher when pharmaceutical immunosuppression to prevent immunological rejection of the transplant will be applied. Therefore it is still unclear which microorganisms should be monitored. The Auckland island pigs which had been used in the first clinical trials performed by the New Zealand company LCT were screened regularly for 10 bacteria, 15 viruses and toxoplasma ([Table 1](#tbl1){ref-type="table"} ) [@bib3]. The Göttingen Minipigs which are used for numerous biomedical investigations are screened regularly for 27 bacteria, 16 viruses, three fungi and four parasites (http//[www.minipigs.dk/](http://www.minipigs.dk/){#intref0010}). An additional screening of the Göttingen Minipigs involved PERV [@bib4], hepatitis E and 89 other microorganisms [@bib5], [@bib6].Table 1Microorganisms tested in Auckland island pigs used for islet cell transplantation [@bib3].**Bacteria**Leptospira tarrasoviLeptospira hardjoLeptospira pomonaMycoplasma hyopneumoniaeCampylobacterIsosporaCryptosporidium*E. coli* K88Yersinia**Viruses**PCMVPorcine cytomegalovirusPCV1PCV1, porcine circovirus type 1PCV2PCV2, porcine circovirus type 2PLHV2Porcine lymphotrophic herpesvirus type 2HEVHepatitis E virusReoVReovirus (all types)RotaV A-CRotavirus A, rotavirus B and rotavirus CPEVBPorcine enterovirus BPHEVPorcine hemagglutinating encephalomyelitis virusPTVPorcine teschovirusBVDBovine virus diarrheaAujDAujesky\'s diseasePPVPorcine parvovirusPRRSVPorcine reproductive and respiratory syndrome virusEMCVEncephalomyocarditis virus**Protozoa**Toxoplasma

In general, most microorganisms found in pigs to be used for xenotransplantation may be eliminated by specified pathogen free (spf) or designated pathogen-free (dpf) breeding of the animals. In the case there is a bacterial or fungal infection in the donor pig, treatment with antibiotics or chemotherapeutics may be successful. At the moment hepatitis E virus (HEV), porcine cytomegalovirus (PCMV), porcine circoviruses (PCV), porcine lymphotropic herpes viruses (PLHV), and porcine endogenous retroviruses (PERVs) are thought to pose the main risk for reasons to be discussed below and therefore these microorganisms will be analysed in the next chapters in more details.

2. HEV as risk factor {#sec2}
=====================

In most cases HEV causes self-limiting hepatitis in humans. Whereas HEV of the genotype (gt) 1 and gt2 are found in people, are transmitted mainly by contaminated water and are causing a high mortality during pregnancy, HEV gt3 and gt4 are swine viruses and do not cause a disease in pigs, however, when they infect humans they may cause in rare cases a zoonotic disease (for review see [@bib5], [@bib7]). A severe hepatitis after infection with HEV gt3 and gt4 was observed only in the case of other underlying liver diseases. Importantly, neurological disorders have also been described for HEV gt3 and gt1. Note, that only HEV gt3/4 may pose a risk when xenotransplantation using pig cells, tissues and organs is performed, not gt1 or gt2.

Usually HEV gt3/4 are transmitted by contaminated meat or direct contact with infected pigs. HEV gt3 RNA was detected in pig liver at grocery stores and infectious virus could be isolated [@bib5], [@bib7]. HEV transmission by shellfish and vegetables possibly contaminated by pig manure as well as by blood transfusion and allotransplantion was also reported. A chronic infection was more likely to develop in immunosuppressed patients, including HIV-1 infected individuals [@bib5], [@bib7]. Sensitive PCR-based methods have been developed to determine a HEV infection and to genotype the virus. Detection of HEV and its elimination from pigs seems not to be easy. First, the virus is heterogeneous, e.g., 10 subtypes of genotype 3 exist, what makes it difficult to design efficient PCR or real-time PCR. Second, the virus load seems to be very low so that even highly sensitive PCRs may be unable to detect the virus. Although HEV gt3/4 are widely distributed, the prevalence in pigs, especially in multitransgenic pigs generated for usage in xenotransplantation, is not well studied.

In contrast, the non-transgenic Auckland island pigs, generated by Living Cell Technologies (LCT) in New Zealand are better characterised. Islet cells from these animals have already been used in several clinical trials [@bib3]. Although HEV is very common in pigs in New Zealand, the Auckland island pigs were free of all HEV [@bib8]. Another well investigated breed is the Göttingen minipig produced by Ellegaard in Denmark. These animals are used worldwide for numerous biomedical investigations. The herd was established by entry of animals obtained by Caesarean sectioning and colostrum deprivation. Despite this, HEV was found in one study in 100% of the animals (7 of 7) [@bib9], in another, using real-time PCR and Western blot analysis detecting antibodies against HEV, HEV was found in only very few animals [@bib6]. The result suggested a transplacental mother-to-piglet transmission of the virus. This observation may help to explain how the virus entered the pig herd despite Caesarean sectioning and other precautions. It remains unclear, whether the absence of the virus in all older Göttingen minipigs is due to the elimination of the virus possibly by the immune system or due to the limits of the detection methods. In order to eliminate HEV from a herd, a HEV elimination program was proposed ([Fig. 1](#fig1){ref-type="fig"} ) [@bib5]. Elimination should include selection of HEV negative animals using highly sensitive real-time PCR. Since it is not clear, whether the animals are truly negative, or carry HEV in concentrations below the sensitivity of the detection method, a treatment step should be included using ribavirin, a guanosine analogue used to stop viral RNA synthesis. Although there are no data on the treatment of HEV infection with ribavirin in pigs, ribavirin has been successfully used for the treatment of other virus infections in pigs [@bib10]. Another strategy may include a vaccination step, e.g. using a vaccine based on a recombinant ORF-2 fragment of HEV gt1 that has been approved by the Chinese FDA [@bib11]. Since HEV gt1-4 represents only one serotype, the induced antibodies should be protecting from infection with all genotypes [@bib12]. Immunisation of pigs with ORF-2 of pig HEV gt3 resulted in effective protection [@bib12], indicating that pigs can be immunized and mount an effective antiviral immune response.Fig. 1Schematic presentation of the proposed virus elimination program. The original herd was screened for the presence of a putative zoonotic virus (grey, positive animals; pink, negative animals). Negative animals (that may be actually positive, but below the detection limit) were selected and using Caesarean delivery, and treatment with antiviral drugs and/or vaccines, truly negative animals could be obtained and used for further breeding and xenotransplantation.

3. PCMV and other herpesviruses {#sec3}
===============================

As human cytomegalovirus (HCMV) causes severe transplant rejection in allotransplantation [@bib13], [@bib14], considerable concern is warranted on the potential pathogenicity of porcine cytomegalovirus (PCMV) in the setting of xenotransplantation. PCMV is endemic in the world pig population, it is acquired early in life and PCMV infection results in seroconversion and lifelong latent infection [@bib15]. PCMV spreads by both vertical and horizontal transmission [@bib15], [@bib16]. Active infection causes fatal systemic failure in piglets less than 3 weeks of age. The clinical symptoms of infected piglets include pneumonia and inclusion body rhinitis with a high mortality rate. PCMV-infected sows are prone to abortion, with pathological changes including edema in the heart and other organs [@bib15]. PCMV can remain latent in adult pigs. The ubiquitous nature of herpesviruses, including PCMV, means that these viruses should be a major focus in the development of xenotransplantation.

Herpesviruses are able to infect other species. Porcine cells can be infected by HCMV [@bib17], indicating that the pig transplants may be infected when the recipient is HCMV positive, and PCMV can infect human cells [@bib18]. Entry of HCMV into porcine endothelial cells depends on both the cellular vascular origin and the viral strain [@bib19]. When PCMV was transmitted by the pig transplant into baboons, the baboon CMV was activated causing invasive disease and consumptive coagulopathy, the PCMV was mainly replicating in the pig transplant causing ureteric necrosis in one transplant [@bib20], [@bib21], [@bib22]. When baboons received pig kidneys from PCMV-infected pigs, the survival time was 14.1 days in comparison to 48.3 or 53 days when organs from uninfected animals were transplanted [@bib23]. In a similar experiment with cynomolgus monkeys the difference was 9.2 days versus 28.7 days [@bib24]. Alone the presence of the virus had such an important influence on transplant survival.

When CD55-transgenic Large White pigs were analyzed, all animals were found positive for PCMV, however under specified pathogen free (spf) or designated pathogen-free (dpf) conditions PCMV-free animals were obtained [@bib25], indicating that selection of PCMV-free animals by Caesarean delivery and spf breeding is possible. On the other hand, due to reactivation of the baboon CMV after pig cardiac xenotransplantation with pharmaceutical immunosuppression a lethal outcome in some cases was observed despite prophylactic treatment with the antiviral drugs ganciclovir or valganciclovir [@bib26]. The Auckland island pigs, already used in clinical islet cell transplantation were shown to be free of PCMV [@bib27].

As mentioned above, PCMV can be eliminated easily by Caesarean delivery and dpf or spf breeding of the herd [@bib23], [@bib25]. In addition, early weaning of the piglet from the sow can eradicate CMV [@bib28]. To be on the safer site, a treatment with the antiviral drugs ganciclovir, cidofovir, foscarnet, acyclovir, valaciclovir, a prodrug of acyclovir, or valganciclovir can be included into the elimination protocol ([Fig. 1](#fig1){ref-type="fig"}) [@bib29]. Concerning vaccination against HCMV, despite the urgent need for allotransplant recipients, no success was reported, although first attempts to use the major envelope glycoprotein gB have demonstrated efficacy against HCMV infection and on HCMV-induced disease [@bib30], [@bib31], [@bib32]. Immunization studies with the gB protein of PCMV should be performed in pigs.

Porcine lymphotropic herpesvirus (PLHV) 1, 2, and 3 are common porcine viruses, however the prevalence and importance of these viruses for xenotransplantation is not well studied [@bib33]. Phylogenetic analyses showed that all three PHLV clustered together with ruminant gammaherpesviruses, but the PLHV-3 is more distantly related to PLHV-1 and PLHV-2 [@bib34]. The transmission of PHLV in pigs is not well understood. PLHV may be transmitted by pre-partum cross-placental vertical transfer and post-partum horizontal transmission, however, cross-placental transfer is not the common way [@bib35]. Between 26% up to 88% of animals in different herds in Germany, Ireland, France, Spain and the United States were infected with one of the PLHV [@bib34], [@bib35], [@bib36], [@bib37], [@bib38]. In contrast to PCMV, early weaning cannot eradicate PHLV [@bib39].

4. Circoviruses {#sec4}
===============

Circoviruses belong to the smallest viruses replicating autonomously in mammalian cells [@bib40]. Porcine circovirus 1 (PCV1) has not been linked with any disease, whereas PCV2 is the causing agent of post-weaning multisystemic wasting syndrome (PMWS), a multifactorial disease in pigs [@bib41]. This means that the presence of the virus is necessary for the disease but requires additional factors. The onset of the disease and the severity of the symptoms are influenced by the status of the immune system and genetic predisposition [@bib41]. Characteristic clinical signs of PMWS are wasting, respiratory dysfunction, enlargement of inguinal lymph nodes, diarrhoea and a generalised depletion of lymphocytes. Although humans ingest PCV-contaminated foods and are exposed to PCV through other sources, serological evidence indicated that no transmission of PCV2 to humans took place [@bib42]. Also, a contamination of a human vaccine with PCV was shown not to transmit PCV to humans [@bib43], [@bib44]. Retrospective testing confirmed the presence of PCV1 DNA in Rotarix, an oral live-attenuated human rotavirus vaccine for children, beginning with the initial stages of its development and in vaccine lots used in clinical studies conducted pre- and post-licensure [@bib44]. When human cell lines have been infected with PCV1 and PCV2, PCV1 persisted in most cell lines without causing any visible changes, while PCV2-transfected cells showed a cytopathogenic effect [@bib45]. Most importantly, the infection was non-productive [@bib44], [@bib45].

5. PERVs, the enemies in the pig genome {#sec5}
=======================================

Porcine endogenous retroviruses are the result of a transspecies transmission of a retrovirus and integration into the genome of all pigs. PERV-A and PERV-B are polytropic viruses, infecting also human cells (for review see [@bib46]). PERV-C infects only pig cells, it is present in most, but not all pigs. Whereas transformed human cells lacking some intracellular restrictions factors such as ABOPEC can be infected easily, human primary cells can be infected only by high-titre PERV-A and recombinant PERV-A/C after adaptation on human cells leading to an increased number of transcription factor binding sites in their long terminal repeats [@bib47], [@bib48], [@bib49], [@bib50]. Since PERV-C are present in many pigs, but not all, the selection of pigs not carrying PERV-C proviruses automatically prevents generation of high-titre recombinant PERV-A/C. Until now, no transmission of PERVs was observed, neither in first clinical trials enrolling more than 200 patients, nor in preclinical pig to non-human primate transplantation, nor in infection experiments in small animals or non-human primates with or without pharmaceutical immunosuppression (for review see [@bib46]). However, most of the patients in the clinical trials were not exposed for a long time to the xenotransplant and with some exceptions associated with parallel kidney allotransplantations, no pharmaceutical immunosuppression was applied. In addition, no transmission of PERV was observed in numerous pig to non-human primate transplantations [@bib51]. However, it is meanwhile clear that non-human primates are not a suitable model to study this question since non-human primates carry -- in contrast to humans -- a mutated receptor for PERV allowing only infection at a low efficiency [@bib52]. Therefore, the question, whether PERVs may be transmitted during xenotransplantation is still open and an elimination of infectious proviruses is advised, since retroviruses may induce tumours and immunodeficiencies. PERVs are closely related to other gammaretroviruses such as the feline leukaemia virus (FeLV), the murine leukaemia virus (MuLV) and the Koala retrovirus (KoRV) [@bib53]. All these related viruses induce severe immunodeficiencies and tumours in the infected host. Gammaretroviruses used as vectors in gene therapy for the treatment of a severe combined immunodeficiency in children were shown to induce leukaemia in the patients [@bib54], indicating that transspecies transmission of gammaretroviruses into human may induce tumour development.

Highly sensitive and specific methods have been developed to screen for the prevalence and expression of PERV in donor pigs. Whereas expression of PERV in German landrace pigs is relatively low, expression in Yucatan Minipigs is high [@bib55]. In these animals viral protein may be detected in different tissues of the animals [@bib56] and infectious virus was found released from stimulated peripheral blood mononuclear cells (PBMCs) [@bib55]. Crossing of Landrace pigs with Minipigs increased the expression rate of PERV [@bib55]. When Göttingen Minipigs were screened, a relatively low expression and no release of virus particles were observed [@bib4].

6. Elimination programs: screening, selection, treatment and isolation of donor pigs {#sec6}
====================================================================================

The elimination programs for HEV and PCMV were described in detail above [@bib5], [@bib29]. The elimination programs for other microorganisms (with exception of PERV, see below) will be similarly, including screening of the donor pigs using specific and sensitive methods, treatment with antiviral drugs and immunisation ([Fig. 1](#fig1){ref-type="fig"}). For some porcine microorganisms effective vaccines are available, for example for circoviruses (Ingelvac CircoFLEX^®^) and mycoplasma (Ingelvac CircoFLEX^®^). Several other vaccines are available to treat pigs and prevent transmission of the infectious agents ([Table 2](#tbl2){ref-type="table"} ) [@bib57]. However, vaccination is only necessary, when the infectious agent is present in the pig herd and pose a risk for the transplant recipient. In the case of bacteria it has to be considered whether the donor pig (and in some cases also the recipient) should be treated with antibiotics.Table 2Vaccines available against viral and bacterial infection [@bib57].**Viral diseasesCausing virus**Aujeszky\'s disease (pseudorabies)Suid herpesvirus 1 (SuHV1)Food-and-mouth diseaseFood-and-mouth disease virus (aphthovirus)SMEDI (stillbirth, mummification, embryonic death, and infertility) syndromePorcine parvovirusPorcine reproductive and respiratory syndrome (PRRS)Porcine reproductive and respiratory syndrome virus (arterivirus)Swine feverClassical swine fever virus (pestivirus)Swine influenzaSwine influenza virusTransmissible Gastro-Enteritis (TGE)TGE virus (coronavirus)**Bacterial diseasesCausing bacterium**Necrotic pleuropneumoniaActinobacillus pleuropneuminiaAtrophic rhinitisPasteurella multocidaClostridial diseaseClostridium*E. coli* diarrhoea*E. coli*Enzootic pneumoniaMycoplasma hyopneumoniaeErysipelasErysipelothrix rhusiopathiaeGlässers diseaseHemophilus parasuisLeptospirosisLeptospira pomona, L. tarassovi, L. bratislava and L. muenchenPasteurellosisPasteurella multocidiaStreptococcal meningitisStreptococcus suis, haemophilus parasuis

7. Strategies to prevent transfer of PERVs {#sec7}
==========================================

Since PERVs are present in the genome of all pigs and cannot be eliminated by the way other microorganisms can be eliminated easily, other strategies were developed to prevent transmission of these infectious agents. First, animals with a low copy number of PERV and a low expression rate should be selected. Second, animals not carrying PERV-C should be selected in order to prevent PERV-A/C recombination. Third, transgenic pigs have been generated expressing small interfering RNA, specifically inhibiting the expression of PERV and therefore lowering the probability of PERV transmission [@bib58], [@bib59], [@bib60], [@bib61].Since in the genome of pigs multiple PERV proviruses were found, sometimes more than 150, an elimination of all PERV copies by genome editing using zinc finger nucleases (ZFNs) may be difficult. We selected ZFN specific for a sequence of the highly conserved pol region of the virus. However first attempts to eliminate PERVs in the pig genome failed, obviously due to the strong toxic effect when ZFNs were cutting the genome at multiple sites and therefore destabilising the genome [@bib62]. A lower concentration of the ZFN and a gradual elimination may be alternative strategies. In addition, new attempts using CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated) for gene editing should be undertaken with the goal to eliminate at least the replication competent proviruses. Fourth, and last but not least, transmission of PERVs may be prevented by a vaccine. When immunising different animal species (goats, rats, mice, hamster, guinea pigs) with the recombinant transmembrane envelope protein p15E and the surface envelope protein gp70 of PERV, always effective neutralising antibodies were induced [@bib63], [@bib64], [@bib65], [@bib66]. The results of the immunisation with the transmembrane envelope protein are of great interest. In all cases neutralising antibodies were obtained and one epitope recognised was localised in the membrane proximal external region (MPER), the other in the fusion peptide proximal region [@bib63], [@bib64]. The epitope in the MPER was not only localised similarly as a corresponding epitope recognised by antibodies broadly neutralising HIV-1 isolated from HIV-1 infected individuals in the transmembrane envelope protein gp41 of HIV-1, but despite the evolutionary difference between PERV and HIV-1 three identical amino acids were detected in the epitopes [@bib63], [@bib64]. Immunisation with the surface envelope protein gp70 induced higher titres of neutralising antibodies compared with immunisation with the transmembrane envelope protein p15E [@bib65]. Since there is no animal model which allows analysing the efficiency of the PERV vaccine *in vivo*, the related FeLV was studied. Cats were immunised with recombinant p15E and gp70 of FeLV. Neutralising antibodies were detected and the epitopes recognised were very similarly located compared with the epitopes recognised by the antibodies neutralising PERV [@bib67], [@bib68]. When the immunised cats were challenged with infectious FeLV, the animals were protected, suggesting that in the case of PERV the vaccine may also work [@bib69]. These data indicate that immunisation of the transplant recipient may be successful in the case other prevention strategies do not work.
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